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Dissertation dated August 1980
Pyridoxal 5' phosphate-spin label derivative has been synthesized and
used as substrate to study conformational changes of fructose 1,6-bisphos-
phatase by Electron Spin Resonance and Circular Dichroism techniques. The
substrate has been found to bind on the surface of the enzyme.
Small conformational changes have been detected as a result of the
binding of the substrate to the enzyme. The rotational correlation time
increases from 0.020 ns for the free spin label to 0.225 ns for the bound
+2
spin label at pH 8.5. The binding of a second paramagnetic center (Mn )
gives rise to an evaluation of the distance between both paramagnetic
centers. This distance has been found to be 15.3 R + 0.3. As pH increases
the peptide backbone opens up 0.7 R to 16.0 R at pH 9.5. These changes are
supported by Circular Dichroism measurements as the percentage of helix
decreases, followed by an increase in either beta sheet or random coil.
VI
The theory and practice of Circular Dichroism in studying con¬
formational changes of macromolecules are presented in the education
component of this study. Discussed in the component are; brief theory
of enzymes; a student's experiment involving the use of spin labelling
teclinique, and the analysis of data obtained from CD spectra. Sug¬




Fructose 1,6-bisphosphatase (FbPase) is an important enzyme widely
distributed in nature. It functions as a key catalyst in an essential
step in gluconeogenesisIn this reaction it hydrolyses fructose 1,6-bis-
phosphate to fructose 6-phosphate and orthophosphate, and regulates the rate
of formation of glucose frcra pyruvate.
The vast majority of enzymes do not have an inherent paramagnetic
center, and are therefore unsuitable for study by Electron Spin Resonance
(ESR). However, the advent of spin labeling makes all enzymes potentially
capable of study by this method.
The reaction involving FbPase and the pyridoxal 5' phosphate (PEP)
spin label derivative results in an enzyme complex which forms the basis of
this study. The enzyme complex contains a nitroxide free radical which can
be monitored by ESR. Analysis of the ESR spectrum provides information
useful in the determination of conformational changes of the enzyme.
The binding of a paramagnetic ion such as Mn'*’^ to the enzyme complex
alters its magnetic properties. This is observed through a decrease in the
amplitude of the ESR spectrum, and provides a way to determine the distance
between the cation and the unpaired electron on the spin label.
The study of enzymes has been largely neglected in the undergraduate
curriculum. Here we have developed an instructional program suitable for




In order to exhibit magnetic resonance a system must be composed of
particles that possess a magnetic moment. Nuclei and electrons satisfy
this requironent. ESR is based upon the principle that particles having
one or more electrons with unpaired spins exhibit characteristic magnetic
• 9
properties. These arise from the orbiting motion of the electrons about
the nucleus, their intrinsic spin, or both. For an ESR absorption to be
observed, the magnetic npment of the electron must interact with an exter¬
nal magnetic field.^
An electron possesses both a charge and an angular momentum. When it
is placed in an external magnetic field it experiences a turning effect
which is proportional to the magnetic monent. In the absence of a magnetic
field the moments arising from a collection of electrons are randonly
oriented.*+ For a free electron the only magnetic monent is that associated
with the spin and is given by the expression:
be = -ge^S (1)
where
Ug = magnetic moment of the electron
gg = free electron g factor having a value of 2.00232
-91
3 = Bohr magneton having the value 9.27 x 10 erg/gauss
S = spin quantum number with values +1/2, -1/2
The negative sign in the equation is due to the negative charge on the
electron.
In an external magnetic field (that is a field other than the one
due to the electron's own magnetic manent), the potential energy of the
3
electron due to its magnetic moment is represented by the expression:
E = ye-Ho (2)
where
E = energy of the spinning electron
Hq = the external magnetic field
In order to obtain the quantum mechanical Hamiltonian operator we replace
Pg in equation 1, by the appropriate operator to give:
H=-(-g3S).H„ = g BS.H
o
(3)
The dot product of vectors S and H is equal to the length of times the
projection of S on H^. Since the direction of defines the z axis, the
projection of S on is S^.- With the magnetic field in the z direction
and = 0, equation 3 becomes:
(4)
This equation contains an operator which acts only on the spin variables
and is the simpliest example of a "Spin Hamiltonian".^ According to quan¬
tum theory the allowable spin states must be quantized and the energy split
into 2S + 1 sublevels. For an electron with spin S = 1/2, the spin quantum
number M which is the eigenvalue of S takes values of +1/2 and -1/2. Thas z
is, the allowed spin orientation is either parallel or antiparallel with the
applied field. The two orientations have different energies; the lower
energy state has a negative sign and corresponds to the magnetic moment
aligned parallel with the field (B). The higher energy state has a positive
sign and corresponds to the magnetic monent aligned antiparallel with the
field (a). This is shown in Fig.l.





The eigenvalues are given as:
= 1/2 g/
Ep = -1/2 g^e
The energy of the states a and 3 diverges as increases. This is shown
as the energy separation AE = hv = gg3HQ (Fig.l).
Fig.l. Energy level diagram for an electron in a magnetic field.
The phenomenon of ESR is based on the fact that transitions are
possible between the two states a and 3- When an oscillating field is
applied perpendicular to it induces transitions provided the frequency v
is such that the resonance condition hv = is satisfied. The ESR
spectrometer is designed to detect the absorption of energy which occurs
when this resonance condition is met. Experiments are carried out with a
fixed frequency. The magnetic field is swept through the resonance value
thus obtaining a spectrum in which the absorption of energy is plotted
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as a function of the magnetic field strength. Substitution of the appro¬
priate values for the physical constants in the equation hv = g^3 shows
that the frequency required is 2.8 MHz per gauss of magnetic field.
The resonance condition can only be observed if there is a population
difference between the two spin states. When a sample containing N spins
is placed in a magnetic field, there will be spins in the upper state
and Np in the lower state. At thermal equilibrium there is a slight excess




- -gf.3 H /kT - AE/kT-e«o ore ('c')
Nf,
where
g SH has the same meaning as before
kT = the thermal energy of the system
At room temperature this excess of spins is very small yet, if maintained,
n
is adequate to produce an ESR signal.
A further important interaction arises when the electron is in the
vicinity of a nucleus whose spin is nonzero so that it has a magnetic
moaient. The electron magnetic moment interacts with the nuclear moment as
well as with the applied magnetic field. Quantum theory requires 21 + 1
orientations of the nuclear spin in a magnetic field. Thus there is an
additional splitting of the electronic energy levels into 21+1 sublevels.^
This interaction term when added to equation 4 gives:
H = g 3 S + S A^ I (6)°e z z z z z
A^= the hyperfine interaction constant and is a
where
6
measure of spacing between two spectral lines
= the nuclear spin quantum number
= the electron spin quantum number.
, n
For nitrogen ), the mass number is even and the charge number odd. It
therefore has a nuclear spin quantum value of 1. The result is 21 + 1 or
3 allowed orientations vdiich give rise to a spectrum showing 3 absorption








Fig. 2. Splitting of spectral lines due to nuclear-electron
interaction.
Frcm the above diagram a number of transitions are possible. Those
involving changing the orientation of the nuclear, spin only are Nuclear
Magnetic Resonance (NMR) transitions. Those involving a change in both the
electron and nuclear spin orientations are forbidden. The remaining transi¬
tions are those in which the electron spin orientation changes but the nu¬
clear spin orientation is conserved. There are 3 such transitions and they
are observed ar absorption lines. Since the spectrum is recorded by vary¬
ing the magnetic field, these 3 lines will be observed at different values
of the applied field, and the separation between them is the hyperfine
7
splitting constant (A^) (Fig. 3). This reflects the magnetic field of a
• • Q
given nucleus experienced by an electron.^
H -
o
Fig. 3. Lorentz line shape (a), 1st derivative (b), spectrum of
system having S = 1/2 and I = 1 (c).
Relaxation processes;
In magnetic resonance, transitions are observed between energy levels
that are very close together - the separation in ESR is of the order of
-10.3 an . If the radiaticn power incident upon the Boltzmann distribution
assemblage of electron spins is great the absorption will diminish due to an
equalization of the population of the two levels, and the ESR signal will
disappear. This phenomenon is called saturation and there is no net trans-
fer of energy from the radiation to the spins. The Boltzmann ratio
becomes:
^ __ ^ (6)
The prevention of saturation requires a restoration of the population
difference accompanied by relaxation of spins from the upper to the lower
level. Consider a collection of noninteracting spins in a static magnetic
field The systan is now in equilibrium with unequal distribution of
spins in both levels. This results in a net magnetic moment (bulk mag¬
netization along the z axis), regarded as the vector sum of the individual
spin moments aligned parallel to
When an additional field provided by microwave radiation, is direc¬
ted at right angles to H^, it causes the spins to precess at seme angle
about at the Lamor frequency, the expression:
“o = yHq
where
Y = gyromagnetic ratio.
The spins in the lower level absorb energy from which results in a transi
tion to the upper energy level. In doing so there is a decrease in the net
population difference between the levels, and a decrease in the value of M^.
This tends to equalize the spin population since the rate of absorption is
faster than the rate of emission. In real systems, however, the spins inter
act with their environment (the lattice); the spin orientation is changed;
most of the excess energy is carried off, and a population difference is
maintained in the systan. This interaction process is called spin-lattice
relaxation, and is characterized by a relaxation time T^, which represents
the time for energy transfer between the spin system and the lattice. For
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liquids the term lattice is taken as the translational, rotational, and
other degrees of freedom of the molecular system.If the spin lattice
relaxation process becomes very efficient so that is very short, in the
extreme the line breadth could beccme so large as to make it impossible to
detect a signal.
also forces the spins to precess in phase which produces a component
M in the. xy plane since M no longer lies parallel to H^. After excit
tion they tend to get out of phase thereby decreasing M . This loss ofX ,y
phase is due to magnetic interactions among the spins causing them to expe¬
rience different local fields in the z direction and spread in the Larmor
precession frequencies. The resulting effect is a time-rate decay of mag¬
netization called spin-spin relaxation time . This parameter is respon¬
sible for many line breadth variations.
Spin Labels:
These are usually stable organic free radicals having a structure and/o;
reactivity to facilitate their introduction into a specific target site in
11
a biological system. Molecules with a nitroxide radical (-NO) whose
nitrogen atom is bonded to two tertiary carbon atoms are excellent spin
labels. The labels used in ESR experiments are free radical substituents
(spin labels). Free radicals are involved as intermediates in metabolic
processes. Biological reactions occur within an organized structure such
as a monbrane. Thus if free radicals are produced as intermediates, they
will most likely be bound or closely associated with the enzyme which cata¬
lyses the specific reaction. It is therefore useful to use spin labels in
the study of enzyme action. The advantages of these labels are:
a. Sensitivity to the local environment.
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b. Ability to measure very rapid molecular motion.
c. Absence of interfering signals from the diamagnetic environment.
d. Stability and non-interference with the functions of the biomolecule
e. Ccjnmercial availability of a variety of labels.
Most spin labels have the general formula as shown in Fig. 4 below.
The side group R gives the nitroxide a specificity for reaction with a
certain group or amino acid. Thus the choice of spin label will be dictated




Fig. 4. (a) Organic free radical, (b) Nitroxide portion of radical.
It is via the R group that the spin label is attached to the biomolecule.
The odd electron, by virtue of which the nitroxide is a free radical,
spends most of its time (80% - 90%) in a 2p n orbital on the nitrogen
. . . 12
where it is assumed that the nitrogen, carbon, and oxygen are coplanar.
Spin Labelling Technique:
Because enzymes contain the same building blocks (amino acids), they
can all be studied with a relatively small number of spin labelled molecules
The technique, called spin labelling, introduces into the biomolecule a
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paramagnetic group that attaches itself to a. specific receptive site. Nor¬
mally, enzymes are not paramagnetic as all the electrons are paired in the
molecule. Introducing a paramagnetic group produces a slight but detectable
paramagneti.sm in the whole molecule, and the site at which the group is
attached can then be studied. The method of labelling is spectrally and
chemically selective. Specific sites on a macronolecule can be tagged by
choosing the appropriate spin label molecule and reaction conditions. The
spectrum of the tagged molecule is characteristic of the type of bonding to
the molecule (covalent or hydrophobic), and the structure at that point.
The spin label is designed to report to a detector something about the
nature of the environment where it is bound. Once the labelling molecule
becomes attached it can be held either loosely or tightly by the macromole¬
cule, and the degree of freedom of movement is recorded as differences in
the ESR spectrum.
By observing whether spin mobilization is weak or strong, the architec¬
ture of the molecule can be deduced. This is done through an evaluation of
of the rotational correlation time (t^) of the spin label. The spectrum of
a nitroxide changes as the orientation rate decreases. If the motion of the
spin label bound at or near an active site of an enzyme is restricted the
spectrum reflects the reduced rate of orientation.
ESR looks only at the spin label so the spectrum is entirely that of
the spin label. However, since it is attached to the bicmolecule, differen¬
ces in the spectra mean changes in the molecule. These differences are rela
ted to the relative ease with which the nitroxide end of the molecule can
tumble and orient, and also the degree to which the environment is hydropho-
13bic or hydrophillic. Two possible areas of attachment of a spin label are
shown in Fig. 5.
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c£0. ^ spin label
— 7
attached to cavity of enzyme (x^ 10~ sec)
spin label
-ll
attached to surface of enzyme (x^ 10 sec)
Fig. 5. Attachment of spin label to bicmolecule.
Correlation time:
In non-viscous liquids where there is rapid and random molecular
motion, the fluctuations in both the z-, x-, and y- components of the local
fields at various spins are characterized by the same time which is deter¬
mined by the molecular motion itself, and called the correlation time.
The ESR spectriim of the nitroxide free radical consists of three lines
which are designated as M = +1, M = 0, and M = -1. The M = +1 line is loca¬
ted at low field and the M = 0 is the center line.^^ For the case of rapid¬
ly tumbling nitroxide radicals, the line width parameter T^ can be related
to the anisotropy of the hyperfine interaction, the anisotropy of the g
factor, the nitrogen spin quantum number M, and the correlation time x for
15
the isotropic molecular tumbling. These parameters are reflected in the




= T riid + 1) + 5
40 4(AyH^)^-15 o 4;^yhm] (7)
Rearranging the above equation;





and putting M = - 1 gives:
T^CO) T^CO) 8 T b . AyH . T (0)c o 2 (8)
T^C-l) T^d) 15
which contains only the terms linear in M.
T^CO) T^CO) 2 2Tb. T (0)c 2
—+ .
(9)
T^C-l) T (1)2 15 8
Here:
Ay is a measure of the anisotropy of the g value and is equal to:
-(3/h) g^^ -1/2 (g^^ + g^) sec"^ gauss"^
b is a measure of the hyperfine interaction and has the value
4 tx/3 (A - B) sec ^ in which A is the hyperfine coupling constant
along the z-axis, and B is that along the x or y-axis
H^ is the applied magnetic field
T^CM) is the line width parameter and is given by:
T2(-1) = Aytx (3)^^^ . 8 X 10^ sec“^.
The experimental values for ^^(O) / T^C+l) are obtained from the square
root of the ratios of the peak heights of the experimental spectra.
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Calculation of Distance Between Spin Label and Paramagnetic Center:
Conformational changes in macromolecules underlie many biochemical
processes such as enzymatic catalysis, allosteric regulation, active trans¬
port of substances across biological membranes among others. In order to
evaluate quantitatively the changes it is useful to determine the distances
between the regions of the enzyme molecule.
+2
The binding of a paramagnetic ion such as Mn to a spin labelled enzymi
results in a diminution of the ESR signal amplitude. The extent of the de¬
crease is related to the distance between the two paramagnetic centers. If
two unlike spins are slow to reorient themselves the resonance line width of
• 17the spin label can be expressed as:
6H = C(1 - 3 cos^ +6H^ (10)
where:
SIq is the residual line width of the spin label in the absence of
the paramagnetic ion
is the angle between the applied magnetic field and the vector
joining the two unlike spins
g3VT
s • • .
IS the dipolar interaction coefficient
r6
U is the magnetic mcment of the paramagnetic ion
r is the distance between the two unlike spins
T is related to the spin lattice relaxation time of the para-s
'
• +? • -11
magnetic ion and for Mn is taken as 3 x 10"







During the process of random orientation of the molecule in a magnetic
9 9*
field, C (1 - 3 cos^ in a certain fraction of the orientations will beK
small compared to and the signal fran this fraction will yield the
unperturbed spectrum. On the other hand for the majority of orientations,
C (1 -3 cos^ large compared to and the resulting spectrum will
be too large to be observed. As a result, one may observe a fraction of
the original signal, practically unperturbed in shape; the magnitude of the
fraction depends on the value of C. Computer plots of equation 10 simulate
ESR spectra of an enzyme-spin labelled complex.-^ The amplitude of the
simulated peaks varies with C. The conputer calculates the value of r for
each value of C that is input.
We have taken the ratio of the amplitude of two experimental spectra
40
(enzyme-spin labelled complex and the enzyme-spin labelled-Mn complex),
and the ratio of the corresponding peaks of the simulated spectra. With
these ratios and the value of r for the simulated ratio, the value of r for
the experimental spectrum can be determined.
PLP-Spin Label Derivative:
Pyridoxal - 5’ phosphate is one of the active coenzyme forms of pyri-
















One of the most common types of enzymatic reactions requiring pyridoxal
phosphate as a coenzyme is transamination - the transfer of an amino group
of an amino acid to the a -carbon of an a -keto acid. It functions as a
coenzyme by virtue of the ability of its a].dehyde group to react with the
a -amino group of the amino acid substrate to yield a Schiff's base between














The amino group detached from the amino acid converts it into an a -keto
acid. The resulting bound pyridoxamine phosphate on the enzyme then
reacts with another a -keto acid called the amino group acceptor in a reac¬
tion that is the reverse of those described above to yield a new amino acid
and the pyridoxal phosphate enzyme.
The reaction involving pyridoxal-5' phosphate and the spin label is









The biosynthesis of glucose involves the pathway from pyruvate to glu¬
cose 6-phosphate - a process known as gluconeogenesis. In vertibrates the
synthesis of glucose from blood lactate, which occurs largely in the liver,
is a specially active process during recovery from muscular activities that
are intense.
From phosphoenolpyruvate to fructose diphosphate (Fig. 6), the steps
are catalysed by enzymes of the glycolytic sequence, and so gluconeogenesis
proceeds by reversal of steps employed in glycolysis. The steps from pyru¬
vate to phosphoenolpyruvate follow a different route from that of glycolysis
and require cooperation of enzymes in both the cytosol and the mitochondrial
compartments in the liver. The first step is catalysed by pyruvate carboxyl
ase which is a regulatory enzyme. This enzyme is stimulated by the alloster
modulator acetyl-CoA in the presence of Mn . In the conversion of fructose
1,6-diphosphate to fructose 6-phosphate, the reaction is catalysed by anothe
18
regulatory enzyme, fructose 1,6-bispliosphatase, This enzyme is strongly
inhibited by AMP, but is stimulated by citrate and 3-phosphoglycerate. It
has three binding sites for AMP among other binding sites for substrates.
19
It contains four or more subunits of equal size. The formation of glucose
is favoured vjhen the concentration of citrate and 3-phosphoglycerate is high
and the AMP concentration is low. So whenever respiratory fuels such as







.F6P,^ Fructose 1,6-bisphosphatase stimulated
I A < by citrate and 3-phosphoglycerate.
\ J (secondary control point)
rop
Fig. 6. Reaction steps in Glycolysis and Gluconeogenesis.
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The study of conformational changes of the regulatory enzyme fructose
1,6-bisphosphatase using ESR technique requires the PLP-spin label deriva¬













FbPase purified from chicken liver was obtained from Dr. P. F. Han of
the Atlanta University chemistry department. Pyridoxal 5' phosphate magne¬
sium salt, sodium borohydride, and DEAE-cellulose were purchased from Sigma
Chemical Company, St. Louis, Mo. Pyridine, octyl alcohol, cyclohexane,
ethanol, aimionium bicarbonate, hydrochloric acid, sodium hydroxide, and
ferric chloride were purchased from Fisher Scientific Company. Dicyclohexyl-
carbodiimide (DCC) was purchased from Eastman Organic Chemicals, Rochester,
New York. Phosphorus pentoxide was purchased from Baker Chemical Company.
3-carboxy-2 ,2 ,5,5-tetraiiiethyl-l-pyrrolidinyloxyl (spin label) was purchased
from Synvar, Palo Alto, California.
Methods:
Synthesis of spin labelled derivative was carried out according to the
method described by Misharin^ Polyanovskii, and Timofeev. Pyridoxal 5’
phosphate-magnesium salt (79 mg, 0.000294 mol) was added to 15 ml of anhy¬
drous pyridine. The solution was evaporated to dryness five times on a
rotary evaporator. A solution of 3-carboxy-2 ,2,5,5-tetramethyl-l-pyrroli-
dinyloxyl (50 mg, 0.000294 mol) in 10 ml dry pyridine and excess 10% dicyclo-
hexylcarbodiimide was added to the suspension. The mixture was stirred at
25 ° in the dark for six days. An equal volume of distilled water was addet
and the mixing continued for two more days. The precipitated dicyclohexyl-
urea was filtered off and washed with water, then added to the filtrate.
The solution was washed five times with cyclohexane, lypholized to 10 ml,
and diluted to 1000 ml with water. The pH was then adjusted to 6.0 with
0.1 N HCl and the solution placed on a DEAE-cellulose column.
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The coenzyme derivative was absorbed on a column of DEAE-cellulose
1.5 X 30 cm, equilibrated with a 0.001 M solution of ammonium bicarbonate
(pH 7.8). The fractions were eluted with a linear gradient of a solution
of ammonium bicarbonate (0.01 M to 0.06 M). The rate of elution was 20 ml
per hr. The column showed two bands, and the fractions were collected and
tested for ESR signal. The brown colored fractions showing absorbance at
385 nm and giving an ESR signal were collected, evaporated to 3 ml, then
dried over phosphorous pentoxide at 30°. Yield was 18 mg (5.1 x 10 ^ mol).
Reaction of PLP-derivative with FbPase.
To 2 ml of enzyme (1 mg/ml) was added 0.051 mm (18 mg) PLP derivative.
The pH was brought to 7.5 with 10 mm borate buffer and the solution was
incubated for 1 hr as outlined by Krulwich, Enser, and Horecker.^ The
solution was later cooled to 0°, the pH adjusted to 6.5 by the addition
of 1 M acetic acid, and treated with a drop of octyl alcohol followed by
a freshly prepared solution of sodium borohydride in 0.1 N sodium hydrox¬
ide (1 ml). The solution was stirred during the addition of the borohy¬
dride mixture, and the pH maintained at 6.5 by the addition of 1 M acetic
acid. Stirring was continued for 15 min, after which the solution was
dialysed for four hr with hourly changes of distilled water to remove
unbound PLP derivative. As far as practicable, all reactions were carried
out in the absence of light since the compounds are light sensitive.
To the reduced enzyme-derivative complex was added three drops of 5
yM LkiCl2 solution. This was continued dropwise until no further reduction
of the spectrum amplitude was observed.
Recording of spectra.
The absorption spectra were recorded on a Beckman ACTA Cl11 spectro-
phonometer using a 1 cm cuvette. Spin labelled spectra were recorded on an
22
E-3 Varian ESR spectrophotometer in an aqueous sample cell to hold 0.4 ml.
All spectra were run at a scan time of 8 min, and a yieak to peak separa¬
tion of 0.625 gauss. The field setting was at 3390 gauss.
Circular Dichroism spectra were measured at room temperature on a
Durrum-Jasco model J-20 spectrophotometer. Infrared experiments were done
in nujol using a Beckman 4240 spectrophotometer.
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DISCUSSION
The ultra violet spectrum of the spin labelled p3nridoxal 5' phosphate
shows the formation of a new compound by the presence of a new peak at 385
nm.
The infrared spectrum shows a strong band at 1700 cm"^ typical of car-
-1 -1
bonyl stretch of esters. A strong, broad band at 3000 ait - 3700 cm
represents the -OH stretching frequency. This indicates that the spin label
is bonded either at the -OH on the pyridine ring, or to the -OH on the phos¬
phate group. This is supported by the work of Misharin, Polyanovskii, and
Timofeev.
The ESR spectrum of the free spin label gives a rotational correlation
time of 0.020 ns. This indicates that the molecule has a great deal of
mobility due to its isotropic environment. A three-fold slowdown is obser¬
ved when the spin label is attached to the PLP molecule as the rotational
correlation time increased to 0.063 ns (Table 1). When the PLP-derivative
becomes attached to the enzyme the rotational correlation time increases
with pH to 0.225 ns at pH 8.5. This shows that the environment of the spin
label has become increasingly anisotropic. The relatively small values,
however, indicate that the spin label still has considerable mobility. The
literature value for the rotational correlation time for a pure enzyme is
of the order of 100 ns. This suggests that for this experiment the spin
label is attached to the surface of the enzyme instead of in a cavity. At
pH 9.5 the value decreases to 0.082 ns as the bond attaching the spin label
to the enzyme becomes weakened in the basic medium.
The distance between the paramagnetic centers (spin label and Mn’’’^)
24
o ^
increases from 14.9 A at pH 6.5 to 16.0 A at pH 9.5 (Table 2). This suggests
that there is a slight unfolding of the peptide backbone as pH increases,
CD at pH 7.5 shows the spin-labelled enzyme suffers a decrease in helix
and random coil percentages but an increase in beta sheet. This is sugges¬
tive of small changes in its conformation - perhaps a spreading out of the
molecule. The axial distance between adjacent amino acids is 3.5 X for beta
sheet compared to 1.5 % for alpha helix.
At pH 8.5 the helical content decreases with accompanying increases in
both beta sheet and random coil. This further indicates a change in confor¬
mation, and further spreading out of the molecule (Table 3). This is suppor'
ted by the increase in the distance of the paramagnetic centers from 15.3 R
to 15.8 %.
At pH 9.5 the helical and beta sheet content decrease significantly
with an increase in randan coil. With an increase in random coil the pep¬
tide backbone is unfolding. This is supported by further increase in the
distance of the paramagnetic centers from 15.8 R to 16.0 R. This weakens
the bonds holding the molecule together, and is reflected in the rotational
correlation time as it decreases to 0.082 ns.
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Table 1. Rotational Correlation Times Calculated from ESR Spectra.
Compound ^c '(ns)
Free spin label 0.020 + 0.002
PLP-spin label (derivative) 0.063 ± 0.004
Enzyme-derivative complex (pH 6.5) 0.119 + 0.001
tt (pH 7.5) 0.178 + 0.002
rr (pH 8.5) 0.225 + 0.005
ft (pH 9.5) 0.082 + 0.002
Table 2.' Distance Between Paramagnetic Centers Calculated from ESR Spectra
Compound pH Distance %
Enzyme"derivat ive-Mn 6. 5 14.9 + 0.3
" 7.5 15.3 + 0.3
" 8.5 15.8 + 0.2
" 9.5 16.0 ± 0.1
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Table 3. Percent Helix, Beta Sheet, and Random Coil for FbPase and
FbPase-derivative Calculated from Circular Dichroism Spectra.
Compound pH % helix % beta sheet % random coil
FbPase 7.5 8.0 10.0 82.0
FbPase-derivative 7.5 5.2 16.5 78.2
FbPase 8.5 22.0 16.6 60.9
FbPase-derivative 8.5 13.0 20.0 69.0
FbPase 9.5 19.0 25.5 55.5
FbPase-derivative 9.5 6.0 15.4 78.6
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CONFORMATIONAL CHANGES OF ENZYMES
An Undergraduate Teaching Component
Enzymes are among the most important compounds known to man. They
belong to the class of macromolecules known as proteins. The study of
enzymes is specialized; not only because of their complexity of structure,
but also because of their variety and versatility. In spite of the promi¬
nent role they play as catalysts of life they are not given more than a
cursory treatment in the undergraduate chemistry curriculum. This is because
they are just one class of compounds in the vast repertoire of chenical
compounds. In this presentation we focus on conformational changes of enzym<
using ESR and Circular Dichroism (CD) probes.
Conformational studies of enzymes can be incorporated into the under¬
graduate chemistry curriculum under either of the following:
a. Special topics in biochemistry
b. Special topics in physical biochemistry
It may be considered as a special topic partly because of its importance,
and partly because it takes into account only a part of the broad area of
enzyme study. Its importance may be viewed from the knowledge that enzymes
play such a vital role in catalysing the numerous reactions taking place in
the body. The overall health of an individual depends on these chemical




Enzymes are large molecules made up of chains of amino acids. They
are catalysts that speed up the rate at which a reaction takes place. The
general formula for an amino acid is shown in Fig. 7. It consists of the






Fig. 7. An amino acid .
R represents various side groups and a different amino acid is formed when¬
ever a different R group is attached to the molecule. For example, when
R = H, the amino acid formed is glycine. If the R group is , the amino
acid is alanine.
When two amino acids are coupled together a bond, commonly called a
peptide bond, is formed. The combination of three or more amino acids re¬
sults in the formation of a polypeptide as shown in Fig. 8. There are
about 20 amino acids, and they can be coupled in various ways to form long
polypeptide chains.
H HRO H HRO
I I I II I I I II
'C—C—N—C—C—N—C—C—N—C—C
i II I I I II




Fig. 8. Combination of amino acids to form polypeptide chain.
These polypeptides form the backbone of enzymes. Each enzyme has a particu-
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lar number and sequence of side groups (R groups) resulting in its indivi¬
dual size and chemical identity. Enzymes, therefore, have molecular weights
ranging fron 12000 to over 1 million Daltons.
A major study of enzymes involves the determination of their structures
These structures are classified according to the complexity of the interac¬
tions involved, and are referred to as primary, secondary, tertiary, and
quartenary. The primary structure refers to the specific arrangorent of
amino acid residues in the polypeptide chain which are covalently linked by
peptide bonds. Also present are disulfide bonds which form cross-links with






m—Gly- Lieu—Val- Glu-Gin-Cy-Cy- Ala- Ser-Val—Cy COOH
^ \ /
S S
Fig. 9. Primary structure of bovine insulin.
An enzyme may have hundreds of amino acids in its sequence. Lysozyme,
one of the smallest known enzymes, has 129 amino acids. Enzymes do not
exist as straight chains. They are always coiled, and often contain several
different but interconnected polypeptide chains. The molecule when folded
interacts with itself in a number of ways; for the most part between the car
bonyl oxygens and amide hydrogens of the polypeptide chain to form hydrogen
bonds. The folding of the molecule gives rise to its secondary structure
which is considered in three types as follows:
a. Alpha helix. In this arrangement the main chain of the polypeptide is
tightly coiled to form a rodlike structure with the R groups extending
outward. The- -NH2 groups are hydrogen bonded to the -CO groups several
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residues down the chain as shown in Fig. 10.
Fig. 10. Helical structure of enzymes,
b. Beta sheet. Here the polypeptide chains are almost fully extended in¬
stead of being tightly coiled. The chains are held together by hydrogen
bonds with, the R groups extending above and below the sheet as showri in
Fig. 11.
Fig. 11. Beta pleated sheet structure,
c. Randan coil. This structure is non-repeating and is most conroonly
assumed by the polypeptide molecule in solution, or when it becomes
denatured through heating or change of pH (among others). Denaturation i:
. . 22
identified with a breakdown of helical structure. Fig. 12, shows a
diagram of the random coil structure, if the constraints of pH and
temperature are removed the random structure will decrease and the enzyrr
returns to its native state.
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Fig. 12. Random coil structure.
Tertiary structure constitutes an overall folding of the peptide back¬
bone into a three-dimensional conformation. The folding results from inter¬
actions between the various R groups. The amino acids that are far apart
contribute to the preservation of the structure through hydrogen bonds. Van
der Waal's and hydrophobic interactions, disulfide and salt bridge formation.
Tertiary structure contains a mixture of alpha helix, beta sheet, and random
coil (Fig. 13).
Fig. 13. Tertiary structure of enzymes.
The association of more than one polypeptide chain to form a stable,
larger unit is referred to as the quartenary structure of the enzyme.
These chains are held together by hydrogen bonding, hydrophobic interactions
and salt bridges. Quartenary structures are far more difficult to study
since they involve combinations of the other structures mentioned.
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How Enzymes Function.
The vast majority of biochemical reactions do not take place spontaneou!
ly when attempted in the laboratory. The average protein must be boiled for
24 hours in a solution of 20 per cent hydrochloric acid to be thoroughly
broken down. The body does the same thing in less than four hours without
strong acids and without high temperatures. The phenonenon tiat nnkes such
reactions possible is catalysis - the action of certain substances that spee<
up chemical reactions thousand of times without thanselves being changed.
The catalysts of life are called enzymes. They are specific in the reaction:
they catalyse, operate in small concentrations, and the end result is
achieved without any by-products. In living organisms a single cell has
been estimated to contain about 100,000 enzyme molecules to accelerate its
more than 1000 reactions. Enzymes in their catalytic function produce
reactions only among the molecules of selected compounds called substrates.
In combining with its substrate an enzyme sonehow distorts the architecture
of the substrate molecule, converting it from a relatively stable to a highl
reactive state. It combines transiently with the substrate to produce a
transition state having a lower energy of activation than that of the uncata
lysed reaction. Once the product is formed, the free catalyst is regenerate
and can be used over again.
In the early 1900's evidence was given for an enzyme-substrate complex
to explain the action of enzymes. This explanation is usually attributed to
Leonor Michaelis and Mande Menten of BerlinSince then, the complex has
been referred to as the Michaelis complex, and has played a vital role in









ES = enzyme substrate complex
P = product
k = reaction velocity constant
This represents an enzyme catalysed reaction involving a single substrate
going to form product. The enzyme and substrate react reversibly to form
an intermediate enzyme-substrate coirplex which breaks down to give the
free enzyme and the product. If it is assumed that the concentration of
the substrate is large compared to the enzyme concentration, and that E,
S, and ES equilibrate rapidly compared to the rate at which ES breaks down
to E + P, then the instantaneous velocity at any time depends on the con¬
centration of ES such that:
= k.,(ES)
where
1^2 = the catalytic rate constant
= the experimentally observed rate
A plot of the velocity against the concentration of the substrate gives a
curve as shown in Fig. 14. At low substrate concentration is nearly
proportional to the substrate concentration. All enzymes show this effect
but they vary widely with respect to the concentration required to produce
it.




Fig. 14. Plot o£ reaction velocity vs. substrate concentration,








V = the maximum velocity when the enzyme is saturated with the
max ^ ^
substrate
K = Michael is-Menten constant in moles/liter
m
(S) = substrate concentration per liter o£ solution
The Michaelis-Menten equation allows one to determine the catalytic
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e££iciency o£ an enzyme. At the start o£ an enzyme-catalysed reaction
the rate increases as substrate is added, until a limiting velocity is
reached, whereupon £urther addition o£ substrate £ails to produce any greate
velocity. This represents the maximum rate at which the enzyme converts
substrate to product and is re£erred to as V . It varies with the struc-
ture o£ the substrate, pH, and temperature. The best substrate £or a par¬
ticular enzyme is one which has the highest Vratio. Kinetic studies
can establish the kind o£ enzyme-substrate complex that can £orm.
is a measure o£ the a££inity o£ the enzyme £or a substrate. A low
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indicates the enzyme has a high affinity for the substrate. Since
is different for different enzymes, it can be used to determine whether
one enzyme is identical to the other, or if they are different enzymes
catalysing the same reaction. Equation 11 can be rearranged to make
easier the plotting of data collected from an experiment. Taking the









A plot of 1/Vq vs. 1/(S) gives the well-known Lineweaver-Burke plot as
shown in Fig. 15. This plot gives a more accurate evaluation of and
is useful in the determination of enzyme inhibition.
Fig. 15. Lineweaver-Burke plot of reciprocal of reaction velocity vs.
reciprocal of substrate concentration.
Sometimes a different substrate is substituted to form a stable com¬
plex with an enzyme. It may block the normal activity of the enzyme with¬
out destroying the chemical integrity of the enzyme, thus providing an
excellent analogy to the enzyme-substrate complex. This molecule is
called an enzyme inhibitor, and may become attached to the enzyme at its
activity site, that is, at the section of the molecular chain which forms
25
a transitory bond with the substrate.
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Most biochemical reactions occur in sequential steps that eventually
accomplish a specific metabolic product. Each step is catalysed by a
separate enzyme. Usually, the enzyme which catalyses the first step is
called an allosteric or regulatory enzyme. Regulatory enzymes are mostly
conplex, high molecular weight macromolecules containing several polypep¬
tide chains and cofactors. They are, however, flexible and readily change
their shape making their active sites more or less receptive to the binding
of substrates.
Conformational changes.
In the continuing search for relationships between structure of bio¬
logical macromolecules and their functions, the study of conformations in
solutions must play a leading role. A study of conformational changes will
shed some light on how the enzyme behaves as a catalyst. Today much in¬
terest is focused on possible conformational alterations which accompany
interactions of the biological macromolecule v/ith other cellular con-
27
stituents.
Tlie conformation of a molecule may be described as the spatial arrange¬
ment that is in mobile equilibrium with other arrangements, and no one con¬
formation constitutes a discrete isolable substance under ordinary condi-
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tions. In view of this, it is expected that most macromolecules are bent,
twisted, and folded into different three-dimensional structures, each having
its unique atomic arrangement which is stabilized by weak, non-covalent
^ 28forces.
Since molecules cannot be seen even with the aid of the most powerful
microscopes, special methods must be devised to ’look’ at molecular con¬
formations. Consider an enzyme molecule in its native state. Its basic
conformation is revealed through its percentage of helix, beta sheet and
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random coil. If conditions are changed such as the binding of a substrate
or an inhibitor, the enzyme will respond to these changes through altera¬
tions in its conformation as shoxm in Fig. 16, Here, the binding of an
inhibitor (I) causes a conformational change in the enzyme (E) as shown
by the distortion of the substrate binding site at (b). The reverse takes
place when the substrate binds to the enzyme at (c).
Fig. 16. Changes in conformation of enzyme due to binding of inhibitor
or substrate.
The most marked change in an enzyme is that resulting from denaturiza-
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tion. This is accompanied by a loss of tertiary and even secondary
structure of the enzyme. Conformational changes can be detected by observ¬
ing, for example, the effect on polarized light of the native and denatured
forms of an enzyme. It has been found that the native enzyme rotates a
plane of polarized light as much as 60 degrees to the left, whereas the
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denatured form rotates the light 100 degrees or more to the left. The
most commonly used techniques in the study of conformational changes are:
a. X-ray crystallography. This method makes use of the fact that the
electrons within an atom scatter radiation having x-ray frequency.
Usually, a specimen in the crystalline state is bombarded with x-rays.
Because there is a high density of electrons around each nucleus,
scattered x-rays essentially tell how the various nuclei are arranged
in space with respect to one another. The scattered x-rays recombine
to show on a photographic plate a series of spots, each correspond-
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ing to a set of planes within an atom. These spots are analysed by
applying the Fourier s^mithesis method and the use of high speed ccmpu-
30
ters. Sonetimes up to 25,000 spots are analysed. Work on enzymes
has led investigators to the level where x-rays are used to reveal in¬
formation on:i.The sequencing of amino acid residues.ii.Determination of the three-dimensional arrangement of side chainsiii.The character of helical segments; the number of residues per
turn, and the distance between the turns.
31iv.The diameter of the molecule.
V. Bond angles and bond lengths.
vi. The position of each atom in the molecule.
When a substrate is added to an enzyme the x-ray patterns of the
enzyme and the enzyme-substrate complex are compared. Differences in
electron density patterns reveal the portions of the molecule that have
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moved or become distorted due to the binding of the substrate.
b. Electron Spin Resonance. This technique requires a paramagnetic moiety
—6
to be bound to the enzyme, and can probe times in the region of 10~ to
"1110 sec. The bound paramagnetic species rotates or tumbles and a
measure of the rotational correlation time gives some indication of the
topography of the environment to which it is bound. Values between
10”^ sec and 10“"^ sec indicate a species bound to a cleft or cavity on
the enzyme. Values between 10”^^ sec and 10”^^ sec indicate a species
bound to the surface of the enzyme. If conditions such as pH and tem¬
perature are varied, and the values of vary accordingly, one can
deduce that the conformation of the enzyme is changing. ESR is useful
also in the determination of intramolecular distances such as the dis-
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tance between a bound spin label and another paramagnetic center.
Method of evaluating rotational correlation time (x^)
The procedure for calculating the rotational correlation time for a
bound spin label is outlined below. Experimental data are from the ESR
spectrum of lysozyme. Equation 9 is used in this example,
b = 3.06 X 10^ rad sec ^
Ay = 1 gauss (equivalent to a line width of 2,8 MHz)
(0) = Ay . 3.141 . (3)^/^. 2.8 X 10^ sec'^
T2(0) T2(0) 2 2t^. b^ . T2(0)









1.870 + 1.312 = 3.182
l/T^CO) = (1) (3.141) (1.732) (2.8 x 10^ sec'^)
= 15.23 X 10^ sec'^
T2(0) = 0.0656 X 10"^ sec
3.182 = 0.133 + 2t^ (9.36 x 10^^ sec’^) ( 0.0656 x lO'^ sec)/8
2t = 3.049 / 0.077 x 10^° sec'^ = 39.59 x lO'^^ sec
c




The rotational correlation time evaluated as 1.980 ns for lysozyme
indicates a fairly inmobile spin label bound to the enzyme. The free spin
label has a much greater mobility since its value is usually of the order
of 0.020 ns. The bound spin label is therefore considered to be attached
to the surface of the enzyme, and may cause only seme slight distortion of
the enzyme molecule. Wherever there is a marked increase in the correla¬
tion time (greater than 10 ns) the enzyme is considered to be closing in
on the spin label, thus immobilizing it. In doing so there must be some
distortion in the structure of the enzyme. In its function as a catalyst
such an enzyme experiences alterations in its native conformation as it
binds the substrate to form product molecules.
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CIRCULAR DICHROISM
The relationship between the amount of light absorbed by a substance
and the concentration of the absorbing species is given by the Beer-lambert
law as:
A = ebc (13)
where:
A = absorbance
e = extinction coefficient or molar absorptivity
c = concentration of the absorbing species
b = path length of the sample cell
For a cell having a path length of one cm, the expression above becomes, in
terms of the extinction coefficient:
e = A / c
where
e has units of liter .mole"^.cm~^, if c is in mole.liter
Polarized light.
Ordinary light is an example of an electromagnetic wave, and it vibrate
in all angles that are perpendicular to the direction the wave is travelling
Such light is unpolarized. Many experimental observations require the use
of polarized light. When a specially made filter is placed in line with
the unpolarized light it allows through only rays that have a particular
electric and magnetic vector orientation. Light of this nature is called
polarized light. When polarized light is made to shine on a molecule the
electrons respond to, and are displaced from, their ground state configu¬
ration because of the energy they absorb. If the frequency of the light
42
corresponds to the vibrating frequency of the electron, then the electron
33
will be promoted to an upper energy level.
Plane polarized light consists of two circularly polarized components
of equal intensity (Fig. 17). Circularly polarized light is defined as
right handed when its electric or magnetic vector rotates clockwise as
34
viewed by an observer facing the direction of propagation.
Fig. 17. Components of circularly polarized light.
When a plane polarized ray passes through an optically active substance
the left and right circularly polarized components will each be retarded
because of a difference in the refractive index of the substance, but one
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will be retarded more than the other. If the left component is slowed
down more than the right component, the resultant vector is rotated to the
right through an angle a as shown in Fig. 18.
resultant
. Retardation of circularly polarized




The variation of a with the wavelength X gives rise to Optical Rotary Dis¬
persion (ORD) - a refractive phenomenon. An expression for the evaluation
of a is given as:




n^ and rij^ are the refractive indices for the right and left circu¬
larly polarized rays,
1 is the length of the sample cell
A is the wavelength in vacuum
a is the angle of rotation (specific rotation)
The difference between the refractive indices as a function of wavelength
is shown in Fig. 19.
Fig. 19. ORD spectral curve showing difference in refractive indices
as a function of wavelength.
The extinction coefficients are different for right and left circularly
polarized light for an optically active compound. Both absorption coeffi¬
cients are appreciable, and if they are different, the consequence is that
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elliptically polarized light results. This gives rise to Circular Dichro-
ism - an absorptive phenomenon. As a result of this unequal absorption two
curves are theoretically possible (Fig.20a). The difference between the
44





Fig. 20. (a) Absorption spectra due to differences in extinction
coefficients, (b) spectrum of change in extinction coeffi¬
cient as a function of wavelength.
Experimentally, a CD spectrometer gives the curve of the molar ellip-
ticity, , versus the wavelength. The relationship between the extinc¬
tion coefficient and the molar ellipticity is defined by the equation:
= 3300 (s - e ) = 3300 (Ae)
1 r
where:
[oj = molar ellipticity with units deg-cm / decimole
Ae = difference in extinction coefficient with units of
liter-mole ^-cm"^
The CD spectra for a polypeptide in various conformations (alpha helix,
beta sheet, and random coil), are shown in Fig. 21.
[0j
Fig. 21. CD of polypeptide in different conformations.'’
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Circular Dichroism is mostly used in the determination of secondary
structures of enzymes. It covers the peptide bond transitions (n—►n",
and n—.-ti ) that occur in the near ultra violet region of the spectrum
(190 nm to 250 nm). The spectrum consists of contributions frai\ alpha
helix, beta sheet, and random coil. A typical CD spectrun is shown in
• 'I' • ■
Fig. 22. The n—►n transitions occur at longer wavelength, while the
Tc—►Tt occur at shorter wavelength.
Fig. 22. CD spectrum of a polypeptide.
. 3
Anailysis of CD spectrum is based on the method of Chen, Yang and Chau."
Five "model proteins" having known secondary structures determined by x-ray
crystallography are taken. The data from these structures are used in a
'least squares' method to give CD computed curves. These curves are for
helices of different chain lengths and varying number of amino acid residues
It is assumed that the three CD bands for the helical segments in most, if
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not all, globular proteins have the same band positions. Computed curves
for the five proteins show the helical peaks 5 % smaller than their reported
values. The positions for beta sheet and randan coil show only slight dif¬
ferences. The expression used for the computed CD curve is given as:
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exptl , H B RC
[©] _ f [0] 4. f [0] + f [0]A H A BA RC A
where:
fg, and fgg are the fractions of helix, beta sheet, and random
coil, respectively. Their sum equals unity.
Experimental data are taken usually between 200 nm and 245 nm. Data for
FbPase are given below:
Temperature 27 °
pH 8.5 ( borate buffer)
-8
Concentration 2.13 x 10 decimole / ml








































A conputer program (written by Dr. G. S. Owen of the Atlanta University
chemistry department, and translated from basic by Terry Green) evaluates
the above data (see appendix A). The molar ellipticity data; the concentra-
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tion of the enzyme, the number of residues, the cell path length, and the
lowest percentage of helix considered (about 5 %) are input in the program
which computes the "best fit" CD curve. The computer then prints out the
percentage helix, beta sheet, and randan coil for the experimental data.
The results for the data on pages 46 and 47 are:
Helix 23 %
Beta sheet 17 %
Random coil 60 %
If experimental conditions such as pH, temperature, and substrate
concentration are changed, the calculated percentages will reflect these
changes. The resulting differences in percentages suggest alterations in
the structure of the molecule as it responds to the changes in experimental
conditions. For example, the spin-labelled FbPase gives the following per¬
centages under changing substrate conditions:
Helix 13 %
Beta sheet 19 %
Random coil 68 %
This indicates that a higher substrate concentration causes some small
changes in the conformation of the enzyme.
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STUDENT'S EXPERIMENT
The experiments that follow are designed to give the student practice
in the following:
(a) The preparation of lysozyme from chicken egg white.




(c) Taking Electron Spin Resonance spectra of the spin-labelled enzyme
and determining the rotational correlation time.
(d) Taking Circular Dichroism spectra and determining the percentage
conposition of helix, beta sheet, and random coil.
(e) Suggesting structural changes within the enzyme as results from
these experiments suggest.
Lysozyme.
Lysozyme is a relatively small enzyme. It is made up of a single poly¬
peptide chain of 129 amino acids, and has a molecular weight of 14,000
Daltons (Fig. 23). It is cross-linked by four disulfide bridges which con¬
tribute to its high stability. Lysozyme is regarded as the cell's scavenger
since it plays such an important part in helping the cell in the discharge
39
of waste and indigestible food particles.
The detection of high levels of lysozyme in blood and urine aids in
diagnosing the conditions of tuberculosis, cancer, and certain types of
leukemia.
50
Fig. 23. Amino acid sequence of egg-white lysozyme.





This experiment was carried out as outlined by J. Boeschen, and
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G. Alderton in Science Study Aids. It was tested in the laboratory
and in the classroom o£ cooperating teachers.
Materials.
6 chicken eggs, sodium bicarbonate, distilled white vinegar, regular
bench top centrifuge, sodium chloride, blender, pH meter, 1 gram iso¬
electric lysozyme (obtainable from Worthington Biochemical Corporation,
Freehold, New Jersey).
Method.
Carefully separate the egg whites from their yolks. Allow no portion
of the yolk to mix with the whites. Place the whites in a blender and
blend at low speed. Add 5 % sodium chloride solution to the homogenized
egg white. Continue blending at low speed, after which check the pH and
adjust to 9.5 mth the addition of distilled vinegar in IN sodium hydroxide.
Gently stir a small amount of crystallized isoelectric lysozyme into the
mixture. Place the seeded egg-white mixture in a refrigerator or a con¬
tainer with crushed ice to adjust the temperature to about 4
Stir the solution rapidly two or three times a day; lysozyme will
crystallize in three to five days. Place the crystallized mixture in 20 ml
of 10 % vinegar solution and stir until the crystals dissolve. Filter or
centrifuge and collect the filtrate. Slowly add 5 % sodium bicarbonate
while stirring. This will adjust the pH to 8. Cover the container with
wax paper, place in the refrigerator and allow the crystals to form.
Spin labelled lysozyme.
The spin labelled lysozyme was prepared according to the method out¬
lined by McConnell and Boeyens.^^ Twenty five mg of solid spin label
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3- [|C2-maleimidoeth.yl)-carboinoyl3 -2,2,5,5,-tetraraethyl-l-pyrrolidinyloxyl
was dissolved in 0,50 mg/ml lysozyme in 10 mM borate buffer. Two ml of
O.IN sodium hydroxide was added to the solution while stirring. Stirring
was continued for 15 minutes, after idiich the solution was placed in an
ice bath at 4 °, The complex was cooled for an hour then dialysed with
several changes of distilled water, Tlie ESR spectrum was taken.
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TEACHING SUGGESTIONS
Students in their senior year who have had general, organic, analyti¬
cal, and biological chemistry are more likely to benefit from this study.
In addition, a year of physics is strongly recommended. Some specific areas
in which the student should demonstrate conpetence are:
Stoichiometry
Chemical bonding





At the completion of this study two possible areas for further inves¬
tigation are enzyme kinetics and fluorescence as they are used in the study
of enzyme conformation. These areas very likely will be of particular
interest to the student intending to pursue medicine as a career. The
material presented here as well as supplementary material can be covered
within a four-week period.
General objectives.
(a) To give the student a general knowledge of enzymes, their functions
and the changes they undergo in solutions.
(b) To acquaint the student with ESR and CD techniques.
(c) To show how these techniques can be used to elucidate information
on conformational changes of macromolecules.




The student at the completion of this study should be able to do the
following:
a. Explain what an enzyme is and how it functions.
b. Define spin labels and explain how they are used to study changes in
enzyme conformation.
c. Synthesize a spin-labelled derivative.
d. Attach a spin-labelled derivative to an enzyme.
e. Explain the principles of ESR and CD spectroscopy.
f. Calculate the rotational correlation time for a free spin label, and
a spin label attached to an enzyme.
g. Use the appropriate analytical instruments to record the optical, CD,
and ESR spectra of an enzyme and an enzyme-derivative complex.
h. Explain conformational changes of large molecules.
i. Deduce structural and conformational information from spectral
analysis.
j. Discuss the electronic transitions taking place in the spectral
region where CD absorption takes place.
Materials and equipment required.
a. Spectrometers - CD, ESR, ultra violet and infrared.
b. Chemicals - as outlined in materials and methods.
c. Teaching aids - see appendix B.
Methods.
An appropriate starting point in the study of this unit is with amino
acids. This helps the students learn how enzymes are chemically put together
to form long molecular chains, how their sizes and molecular weights vary,
and how they are folded into different three-dimensional shapes. As these
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cxDncepts develop they lead into the theory of enzymes and conformational
changes of macronolecules.
The theory and practice of ESR may be taken up next. The student
familiar with Nuclear Magnetic Resonance (NMR) from organic and analytical
chemistry will find this knowledge helpful in understanding ESR since in
sane respects both techniques are similar. A visit to a chemical industry
where any of these instruments is used, or the police crime lab where the
Electron Microscope is used, may help to enhance the student's interest in
the usefulness of some of the more sophisticated spectroscopic tools in use.
Laboratory sessions meanwhile should be devoted to the preparation of the
enzyme, the enzyme-spin labelled complex, and the recording of spectra. A
discussion on the appropriate areas of the spectrum that are germane to the
elucidation of structural information may be undertaken in the form of pre-
or post-lab. Data collected from both ESR and CD are treated as in the pre¬
viously worked out examples.
The above may be followed by light polarization, and along with some
revision of optical activity of molecules, the theory and practice of CD.
The region of the spectrum used in the study of secondary structures with
the use of CD, and the nature of the transitions involved may be incorpora¬
ted into the discussion.
As spectral data are collected and analysed, the results are used to
discuss changes in enzyme conformation. Students may be encouraged to try
some of the experiments suggested in appendix C, which will give than more
hands-on experience involving synthesis and the use of the instruments.
The lecture - demonstration method is suitable for the presentation of
this material. Lectures may be supplanented by literature materials. Some
excellent books and articles are listed in appendix D. In addition to pro-
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viding resource material for the teacher, these may help to give the student
a broader exposure to the subject material, and experience in literature
search. They can prove to be valuable sources for assignments and reports.
Audio-visual materials are available from a number of educational out¬
lets. These are listed in appendix B. Those programs with workbooks may
be used to augment the learning process especially if the instructor elects
to adopt, even in part, a personalized format for teaching this unit. In
such an event, these aids can be used as an integral part of the overall
learning experience for the student.
As a group project, students may be given molecular models to assemble
amino acids. They will be better able to recognise how the R groups change
to give succeeding amino acids. These models can be coupled with the elimin;
tion of the water molecule to form a polypeptide chain, and finally the
enzyme lysozyme whose primary structure is shown on page 50.
Evaluation of the unit may take the form of a written or oral test or
both. Tests should reflect the stated objectives, and should be designed
to assess the student’s knowledge of the subject material, as well as the
techniques developed in working with the instruments. Where a pre-test is
given the results can be compared to arrive at a better assessment of the
student's progress. Further success can be seen through the student's
ability to pursue further investigations as suggested in appendix C.
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Study questions.
a. Draw and label a hydrolysis reaction using two amino acid molecules.
b. Explain how only 20 amino acids can form thousands of different kinds
of protein molecules.
c. Define pH. Pfow is the pH of a solution determined? How does pH
behave in a buffer solution?





i. Spin lattice relaxation
ii. Spin-spin relaxation
f. Outline the differences between NMR and ESR
g. Explain the phenomenon of Circular Dichroism. As a research topic
outline the differences between CD and ORD. What is the Cotton effect?
h. List the three levels of secondary structures of a protein molecule.
What region of the spectrum is used to study these structures?
Discuss the electronic transitions that give rise to CD absorption
in this region.
i. List the structures of proteins.
j. Discuss the concepts:
i. Molecular conformation
ii. Optical activity and elliptically polarized light.
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The following is a list of instructional aids that are available.
Audio visual aids:
1. ESR interpretation (slides, tapes and workbook). Areas covered include
Analysis of hyperfine splitting patterns, computer drawn spectra of
hypothetical radical species, and a series of spectra of actual radical
species. Order from:
Educational Programs in Science
P. 0. Box 910
Boca Raton, Fla. 33434
2. Analysis of peptides and amino acids (slides and tapes). Cbvers:
Types and structure of 20 common amino acids, characteristics of the
peptide linkage, primary, secondary, tertiary, and quartenary struc¬
tures of polypeptides. Beers law, etc. Order from:
Beckman- New Dimension Series.
3. Measurement of pH (tapes and slides).
Beckman - New Dimension Series.
4. Enzyme action (film and filmloops). Covers areas such as:
Experimental setr-up for enzyme action, results obtained, effects of
temperature, pH, and hydixjlysis on enzyme action.
Fisher Scientific.
5. Optical Rotary Dispersion and CD in organic and biological chemistry,
(slides, tapes, and manual). Covers areas such as:
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Polarized light, application of ORD and CD to biomolecules.
American Chemical Society
Department of Educational Activities
1155 Sixteenth St. N. W.
Washington, D. C. 20036
Other aids:
1. Polarized light danonstrator. Booklet contains theory, demonstration
procedure, and eight experiments.
2. Enzyme activity kit. Supplied with worksheets and provides activities
for 50 students. Covers enzyme’s role and concentration, catalytic
study of enzyme in an organic reaction.
3. Dialysis kit. Supplied with worksheets and instructions for 30 students
Illustrates diffusion of a solute through a semipermeable membrane.
Fisher Scientific






The following is a, list of synthetic and analytical experiments in
which the student may be engaged.
1. The spin label used in this experiment is one of the maleimide series
with R groups having varying lengths. Try other manbers of the series
to label the enzyme (see # 4. appendix B). Ctompare the rotational
correlation time obtained with the different labels,
2. Take the spectra of the spin-labelled enzyme at varying pH, eg. 6.5,
7.5, 8.5, and 9.5. How could you change the pH to these values? How
do the rotational correlation times change? What can you say about
these changes in relation to the conformation of the molecule?
3. Take the CD spectra of the spin-labelled lysozyme at varying pH as above,
and evaluate the percent helix, beta sheet, and randan coil. Can any
conclusion be drawn between pH and changes in conformation? The CD re¬
sults for spin-labelled lysozyme at pH 7.5 show 20 % helix, 32 % beta
sheet, and 48 % randan coil. How do your results compare?
4. From the value (1.980 ns) calculated for the spin-labelled lysozyme what
conclusions can be drawn with respect to the region of the molecule to
vdiich it is bound? Can anything be said about the solvent?
5. You prepare lysozyme crystals for crystallographic studies. The larger
the crystals the more convenient they are for study. What conditions
are best suited for the growth of large crystals?
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6. Lysozyme can be crystallized using several different salts. These salts
alter the structure of the lysozyme according to their own molecular
properties. By substituting 5 % solution of a chosen salt,e.g. sodium
bromide, sodium nitrate, or sodium chloride for the 5 % sodium bicarbon¬
ate used, the result will be lysozyme brctnide, lysozyme nitrate, and
lysozyme chloride. Use a magnifying glass to look at the crystals and
draw their shapes. Show whatever differences are foimd,





The following books and articles are recommended as supplementary
reading material for enzyme study.
1. R. Dickenson and I. Geis, "Structure and Action of Proteins," Harper
and Row, New York, N. Y., 1969.
2. A. Breed, T. Rodella, and R. Basmajian, "Through the Molecular Maze,"
Vhn. Kaufman, Inc., Los Altos, Ca. , 1975.
3. S. F. Mason, Chemistry in Britain, 1, 245, (1965).
Discusses circularly polarized light and Cotton effect,
4. E, Frieden, Scientific American, 199, 119 (1959).
Discusses dialysis and types of enzyme action.
5. J. E. Pfeiffer, Scientific American, 188, 29 (1948).
Discusses the history, function, and early lock and key model of the
enzyme-substrate molecule.
6. 0. H, Griffith and A. S. Waggoner, Accts. Chem. Res., 17 (1969).
ESR of nitroxide free radicals. The effects of rotational motion on the
ESR spectra*, solvent effects, and spin labelling of biomolecules.
7. I. Raw, Chemistry, 40, 9 (1967)
Brief article discusses how enzymes function.
8. S. Beychok, Science, 154, 1288 (1966).
The relationship between CD and ORD. Conditions for optical activity.
Determination of helical content of proteins.
9. D. C. Phillips, Scientific American, 215, 78 (1966).
Discusses the three-dimensional structure of lysozyme, and the arrange¬
ment of amino acids in the molecule.
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